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es.2012.0Abstract This paper studied the behavior and shear design provisions of D-regions in reinforced
concrete (RC) normal-size beams. In D-regions, the load is transferred to the support mainly
through arch action mechanism associated with nonlinear strain distribution, while in B-regions,
the strain is linear. Shear design for B-regions follows the conventional sectional method (CSM),
while the strut and tie modeling (STM) approach has been introduced for D-region recently.
Depending on the shear span to depth ratio, normal-size beams may contain both B-regions and
D-regions, thus, creating a unique class of beams. The impact of the shift in the shear design pro-
visions from CSM to STM has not received enough attention. The study involved testing eight rein-
forced concrete beams with and without stirrups having various ﬂexural reinforcement ratios loaded
under a shear span to depth ratio less than two, to create D-regions. The beams were simulated
numerically via nonlinear ﬁnite element (NLFE) for veriﬁcations. Comparisons of results were
made among those obtained from the experimental program, STM, CSM, and NLFE. The study
provided some insight into the behavior of these regions and compared the prediction capability
of the numerical methods. Finally, the study pointed to potential shortcomings that may arise when
this class of beams is designed on the basis of STM.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Shear design provisions in many building codes, nowadays,
distinguish between regions in normal-size beams, depending
on the shear span to depth ratio. Regions in short spans are677008.
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1.001classiﬁed as D-regions where the D stands for deep or dis-
turbed; for these regions, the load transfer is assumed to follow
arch action mechanism and the strain distribution across the
section is nonlinear. On the other hand, longer shear spans car-
ry load by beam action and are referred to as B-regions, where
the B stands for beam or for Bernoulli, who postulated the lin-
ear strain distribution in beams. Regions in RC beams where
the shear span is less than twice the depth are considered to
be dominated by arch action and thus deﬁned as D-regions
(ACI-318, 2008; SBC 304, 2007) as shown in Fig. 1
D-regions in conventional normal-size beams may not sat-
isfy dimension limitations of deep beams regarding the totalier B.V. All rights reserved.
Figure 1 D-regions in normal beams when shear span, av 6 2h,
(after Fig. RA.1.2 of ACI-318-08).
Figure 2 Basic strut-tie model components (after Fig. RA3.3 in
ACI-318-08).
66 A.B. Shuraimclear span to depth ratio of four as deﬁned by Section 10.7.1(a)
of ACI-318-08; therefore, situations may arise where both B-
regions and D-regions coexist in a single beam which produces
a unique class of beams. Shear design of reinforced concrete
beams has been on the basis of conventional sectional method
(CSM) until recently when the strut-and-tie modeling (STM)
approach was introduced for D-regions, though the latter re-
mains within the appendix of the code (ACI-318, 2008; SBC
304, 2007).
In the CSM, shear strength in reinforced concrete conven-
tional beams, Vn in most reinforce concrete design codes
(SBC 304 (2007), ACI-318-08, Eurocode 2 (2004)) is assumed
to be the summation of contributions of concrete and stirrups
as
Vn ¼ Vc þ Vs ð1Þ
Where, Vc, is the concrete contribution usually expressed as
a function of key variables, (ACI-426, 1987; ACI-445, 1998):
Vc ¼ fðq; f0c;
av
d
; dÞ ð2Þ
The stirrup contribution to shear strength, Vs, is affected by
the longitudinal spacing of stirrups, s, legs area, Av, yield
strength, fyv, and orientation and expressed as
Vs ¼ Avfyvd
s
ð3Þ
This approach has been criticized as being not intuitively
related to physical behavior (Hawkins et al., 2005) and that
the empirical equations have a large degree of scatter (ACI-
445).
A strut and tie model (STM) is made up of struts and ties
connected at nodes as shown in Fig. 2. The governing provi-
sions of this approach consist of dimensioning rules, concrete
efﬁciency factors, reinforcement limits, and anchorage require-
ments. Extensive research has been conducted on these critical
elements (Rogowsky and MacGregor, 1986; Foster, 1998;
Kuchma et al., 2008; Brown and Bayrak, 2008a, among oth-
ers). The safety in the STM approach is contingent on the
appropriateness of the stress limits in codes of practice and
that the structure is sufﬁciently ductile to allow the load to
be supported in the manner selected by the designer (Kuchma
et al., 2008).
The impact of the shift in the shear design provisions from
CSM to STM for the class of beams having both B-regions and
D-regions has not received enough attention. The overall
design of beams should satisfy all fundamental criteria includ-
ing strength and ductility. Relevant provisions with respect to
these criteria along with the overall behavior are the focus of
this study.The study involved testing eight full-scale reinforced con-
crete beams with and without stirrups under a shear span to
depth ratio less than two in order to create D-regions. The
beams differed in the amount of ﬂexural reinforcement ranging
from minimum to maximum. The beams were also simulated
numerically via nonlinear ﬁnite element (NLFE). Comparisons
of results were made among those obtained from the experi-
mental program, STM, CSM, and NLFE. Results were dis-
cussed, and conclusions were drawn.
2. Experimental program
2.1. Specimen design
Two groups of beams were tested: KQ series having four beams
without stirrups, and MH series having four beams with stir-
rups. The specimens were constructed to a nominal thickness
of 400 mm, awidth of 200 mm, and a total length of 3.2 m. They
were designedwith four reinforcement ratios chosen to cover the
practical spectrum of ﬂexural reinforcements, the lowest was
slightly above the code minimum and the largest was slightly
above the recommended maximum reinforcement ratio.
Five rebar sizes were used as shown in Fig. 3. with the follow-
ing yield strength: 8 mm (fy = 450 MPa), 12 mm (fy = 450
MPa), 14 mm (fy = 633 MPa), 18 mm (fy = 549 MPa), 22 mm
(fy = 534 MPa). Average concrete strength at 28 days from
standard specimens, f0c, was 30 MPa for MH series and
27 MPa for kQ series. The beams were simply supported and
loaded by two-point load such that av/h= 1.75, making the
shear span qualify for the D-region deﬁnition.
2.2. Experimental setup
The specimens had a clear span of 3.0 m and subjected to point
loads at a shear-span, av, of 700 mm. The concentrated loads
were applied through steel bearing plates in a displacement-
controlled manner. The total load was recorded from the
machine head as well as from load cells at each point load.
Electrical strain gauges were placed on bottom rebars of
ﬂexural longitudinal reinforcement. Vertical displacement
measurements were recorded at the midspans. Each specimen
was loaded with several load increments up to failure. During
the loading the cracks were visually traced and marked and
photographed at the end of the test. Continuous recording of
displacements and reinforcement strains and incremental loads
were provided throughout the loading history.
Figure 3 Geometry and details of tested beams.
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In this study, ABAQUS (HKS, 2005) damage-plasticity model
was chosen for modeling concrete behavior. Spatially, concrete
can be modeled with a variety of 2-D and 3-D elements. In this
study, solid 3-D elements (C3D8) were selected for concrete
while a bi-linear elastic–plasticmodel was chosen for reinforcing
steel and represented in space via truss elements (T3D2). Fig. 4
shows parts of the spatial representation of concrete and steel.
The input for the damage-plasticity model of concrete in-
cludes the uniaxial compression curve, the uniaxial tensile
strength, Poisson’s ratio, modulus of elasticity, dilatancy an-
gle, and the fracture energy. Parameters were deﬁned as per
available test data as well as from appropriate models from
the technical literature (Shuraim, 2011).
4. Review of theoretical basis for STM
4.1. Load-transfer mechanism in D-regions
The principal mechanisms of shear resistance in reinforced
concrete beams without web reinforcement can be derived onFigure 4 Spatial representation of part of the model showing
concrete 3-D elements and discrete rebars.the basis of the relationship between the shear V and the rate
of change of bending moment along the beam (Fenwick and
Paulay, 1968; MacGregor and Wight, 2005):
V ¼ dM
dx
¼ d
dx
ðTzÞ ¼ z dT
dx
þ T dz
dx
ð4Þ
As shown in Fig. 5. schematically, z(x) is the variable arm
and T is the tension in the bottom reinforcement, the arch ac-
tion is represented by T dz
dx
, and the beam action is given by z dT
dx
.
Studies have shown that as the shear span av becomes shorter,
the arch action becomes more dominant. However, for a pure
arch action to materialize, the change of stress in the bottom
rebar, dT/dx, needs to be zero, implying that the tensile force
is constant all over the shear span.
4.1.1. Study ﬁndings
As indicated above, a pure arch action would require a con-
stant strain in rebars along the shear span. This was assessed
from examining the strain proﬁles over the shear span in the
ﬂexural reinforcement as shown in Fig. 6, from experimental
measurement and from nonlinear ﬁnite element for one of
the tested beams. The ﬁgure shows also the expected strain if
beam action controls which would be similar to the shape of
the moment diagram. Thus, the shown strain proﬁles are nei-
ther pure beam action nor pure arch action; the two actions
seemed to coexist. This ﬁnding is consistent with previous ﬁnd-
ing regarding the mixed mechanism as reported by (Roy and
Brena, 2008; Brena and Roy, 2009).
4.1.2. Trajectories of compressive stresses
Generally, graphical representations of load path obtained
numerically by advanced linear and nonlinear ﬁnite element
method [Macgregor, foster] can be helpful for dimensioning
struts, or for veriﬁcation purpose. From NLFE, the strut
shape can be qualitatively visualized from the trajectory of
the principle compressive stress as shown in Fig. 7. The path
of the stresses shows major arch action; however, the stress
path is conﬁned to the idealized boundary of the inclined strut.
The intensity of the compressive stress at the loading nodal
Figure 6 Strain proﬁles along bottom rebar in beam KQ-R3.
Figure 5 Basic mechanisms of beam shear resistance.
68 A.B. Shuraimzone is evident. The ﬁgure shows also the marked cracking pat-
tern in the beams after testing where diagonal cracks alignedFigure 7 Principal compressive strewith strut orientation and located to some extent within the
idealized boundaries, especially for beam KQ-R4.4.2. Effective concrete strengths
In STM development, the concrete struts were assumed to be
stressed to an effective concrete compressive strength,
fce ¼ 0:85bs f0c where bs is referred to as the efﬁciency factor.
ACI-318-08 gives different efﬁciency factors for different situ-
ations, among them: (1) for a strut of uniform cross-sectional
area over its length, bs = 1.0; (2) for struts located such that
the width of the midsection of the strut is larger than the width
at the nodes (bottle-shaped struts): (a) with web reinforcement,
bs = 0.75, (b) without web reinforcement, bs = 0.60.
However, the literature is replete with different proposed
values for effective concrete strength as summarized in Table
1. From these expressions for effective concrete strength,
equivalent efﬁciency factors, bs were computed. The resulting
values of bs have a great degree of variability, covering a range
of 0.087–0.85. This scatter should be taken into consideration
when assessing STM provisions.4.3. Web reinforcement
The principal role of the shear reinforcement, as stated by the
code commentary, includes restraining the growth of inclined
cracking, increasing ductility and providing a warning of fail-
ure. In an unreinforced web, the sudden formation of inclined
cracking might lead directly to failure without warning. Such
reinforcement is of great value if a member is subjected to
an unexpected tensile force or an overload.
In the STM approach, the web reinforcement is associated
with the efﬁciency factor of inclined struts, as mentioned
above. The web reinforcement ratio when considering vertical
and horizontal layers of reinforcement may be expressed with
reference to Fig. 8 (a) asss in beam KQ-R2 and KQ-R4.
Table 1 Empirical expressions for computing effective limiting stress in struts.
Source Eﬀective concrete strength, fce Equivalent bs for fc = 27 MPa and av/d= 2.2
Bergmeister et al. (1991)
fce ¼ 0:5þ 1:25ﬃﬃﬃ
f0c
p
 
f0c
bs = 0.85
Marti (1985) fce ¼ 0:6f0c bs = 0.71
Ramirez and Breen (1991) fce ¼ 2:5
ﬃﬃﬃﬃ
f0c
p
bs = 0.53
Foster and Gilbert (1996) fce ¼ 11:14þ0:75ðavd Þ2
 
f0c bs = 0.25
Warwick and Foster (1993) fce ¼ 0:53 f
0
c
500
 
f0c bs = 0.55
Brown and Bayrak (2008a) fce ¼ 2:7av
d
ﬃﬃﬃ
f0c
p
 
f0c with web reinf. bs = 0.28
fce ¼ 0:89av
d
ﬃﬃﬃ
f0c
p
 
f0c without web reinf. bs = 0.09
Figure 8 Web reinforcement: (a) deﬁnitions; (b) local model.
Figure 9 Schematic representation of strut and tie model
showing notations.
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Avcosw
bwsh
þ Ahsinw
bwsv
 
ð5Þ
In Eq. (5), bw is the beam width, sv and sh are the vertical
and horizontal spacings of web reinforcement, respectively.
Av and Ah are the vertical and horizontal areas of web rein-
forcement, respectively. It is to be noted from the equation that
horizontal web reinforcement, Ah, would be less effective for
small angles, thus, vertical stirrups would be more appropriate.
For a strut to be qualiﬁed for an efﬁciency factor,
bg = 0.75, the code requires that qwP 0.003 when f0c  40
MPa, as per Section A.3.3 of ACI-318. Alternatively, the
web reinforcement ratio may be computed using a local strut
and tie model (LSTM). Using a local strut-and-tie model
(LSTM) as shown in Fig. 8(b), qw, can be derived from equilib-
rium consideration (Brown and Bayrak, 2008b), such as:
qw ¼
1
bwavfyw
V
m
cotw ð6Þ
where m is the slope of dispersion of compression, having a
value of 2 as per A.3.3 of ACI-318-08
5. Strut-and-tie models for tested beams
A typical strut-and-tie model for a beam in this study is shown
in Fig. 9; it has two struts, one of which is the upper horizontalstrut while the other is the inclined strut, two nodal zones and
a tie.
5.1. Upper strut width
The dimensions of the upper horizontal strut represent the
ﬂexural stresses block in the beam and can be evaluated from
Figure 10 Strut dimensioning.
70 A.B. Shuraimequilibrium of external and internal moments, as written with
reference to Fig. 9 (ignoring self-weight):
Vav ¼ Cc d a1
2
 
ð7Þ
From which, the width of the strut can be computed for any
shear value using the quadratic equation expressed as
a1 ¼ Vav
0:85f0cbw d a12
  ð8Þ
The horizontal equilibrium of forces for the model requires
that
T ¼ Cc; Asfs ¼ 0:85f0ca1bw ð9Þ
From Eq. (6), the maximum value for a1 will be attained
when reinforcement yields. Thus,
amax ¼ Asfy
0:85f0cbw
ð10ÞFigure 11 A diagram of theTherefore, values of a1 less than amax may satisfy the equi-
librium requirement of the truss model but it will result in a
brittle failure. This issue will be discussed later in this paper.
5.2. Inclined strut geometry
The inclined strut extends from the load nodal zone to the sup-
port nodal zone and it has, in general, non-prismatic shape
where its width and inclination angle are determined by the no-
dal zone dimensions. The lower nodal zone in conjunction with
the strut and the tension tie is illustrated in Fig. 10, where the
width of the strut, wst, is computed as
Wst ¼ wtcoswþ Bssinw ð11Þ
where, Bs is the width of the support and wt is the tie equiv-
alent width. The guidance given by ACI-318-08 for computing
effective tie width takes into account the distribution of the tie
reinforcement as well as a maximum limit, where the latter is
given by
wtðmaxÞ ¼ Fnt=ðfcebwÞ ð12Þ
where, Fnt, fce are the force and effective concrete strength
for the node. Considering equilibrium and that fce is controlled
by the nodal zone efﬁciency factor bn (bn = 0.80 for nodal
zones anchoring a single tie and bn = 1.0 for hydrostatic nodal
zones), the width of wt needs not be taken greater than 1.25 a1.
Similar reasoning was given by Tjhin and Kuchma (SP-208,
2002).
Before computing the strut width, the strut angle, w, needs
to be computed, such as
w ¼ arctanðZ=avÞ; Z ¼ h a1
2
 wt
2
ð13Þ
The equation shows that the strut angle decreases as the
shear value increases. Even though the minimum angle sug-
gested by ACI-318 is 25, this minimum value cannot always
be maintained and lower values may be produced. The width
of the strut, wst, at the upper end of the strut is computed as:
wst ¼ a1 coswþ Bp sinw ð14Þ
where, Bp is the width of the loading plate. Based on the
above formulation, the upper end of the strut will always be
narrower than the lower end, and hence it should be usedsteps for developing STM.
Behavior and shear design provisions of reinforced concrete 71for checking the strut capacity. The stress in the strut due to
applied load V, as shown in Fig. 10 may be computed and ver-
iﬁed as
fc ¼ V
wst bw sinw
 0:85bsf0c ð15ÞFigure 12 Shear strength comparison for KQ beams – test,
NLFE and CSM.5.3. Summary of steps
The approach used to solve the STM in this study involves the
given materials, dimensions, and a trial shear value, V. The
capacity of the STM is reached when the stress at any critical
point in the strut, nodal zones or tension tie approached its
allowable stress. The steps to carry out this task are summa-
rized in Fig. 11.
In step 1, the width of upper prismatic strut, a1 is computed
and compared with its maximum value, so that a1 6 amax,
where amax indicates that the beam reached its ﬂexural capac-
ity. Step 2 gives the tension tie width and it is followed by
checking the appropriateness of the loading and supporting
plates in carrying the load without violating the limiting stres-
ses, as given in steps 3 and 4. The strut angle, w, is computed as
shown in step 5 and it is followed by computing the width of
the strut at the two ends in step 6. As mentioned earlier, the
upper width is smaller, and thus, it would control the stress
check. In step 7, the maximum stress in the strut is computed
and compared with the allowable effective stress. Finally, in
step 8, the adequacy of the bottom reinforcement to carry
the tie force is checked. These steps need to be repeated for
any value of V until ﬁnding the maximum permissible load
that can be carried under assumed bs value.6. Shear strength predictions
6.1. D-region beams without shear reinforcement (KQ series)
The experimental results showed that the shear strengths of the
D-region beams without stirrups were similar in magnitude as
shown in Fig. 12 In other words, the inﬂuence of the ﬂexural
reinforcement was marginal, though it is well-known that ﬂex-
ural reinforcement plays a signiﬁcant role on shear strength in
slender beams. The low effect of the reinforcement was a good
indication of the role played by the arch action. Under this
mechanism, the strut and nodal zones were the weakest links
in the strut and tie model, thus, the increase in reinforcement
became irrelevant.
The four beams were modeled using NLFE and the pre-
dicted shear forces are presented in the ﬁgure and they show
slightly higher values than the experimental. The ﬁgure also
shows the concrete contribution, Vc, in the framework of
CSM as computed by a number of empirical equations listed
in Table 2. ACI-318 and Eurocode-2 equations produced con-
servative predications.
6.1.1. STM predictions
A strut and tie model was developed for each beam of the KQ
series, following the procedure illustrated in Figs. 9 and 11. A
strut efﬁciency factor of 0.6 was used in computing the forces
for this group having no web reinforcement. The strut and tie
predictions of these results are presented in Fig. 13. Good pre-
dictions of test results were obtained under the dimensioningrules and assumptions including the efﬁciency factor of 0.6.
Similar to the experimental ﬁndings, the inﬂuence of ﬂexural
reinforcement ratio was marginal for beams without stirrups.
To examine the variability of the efﬁciency factors, the ﬁg-
ure also shows hypothetical shear values computed under dif-
ferent values of strut efﬁciency factors. It showed that the
shear capacity would drastically decrease as the strut efﬁciency
factor decreases. When considering the reported values of the
effective stresses and their associated efﬁciency factors as re-
ported in Table 1, one may realize the potential degree of scat-
ter that may arise in shear predictions.
6.2. D-region beams with stirrups
A typical load-deﬂection curve that shows the inﬂuence of stir-
rups is presented in Fig. 14. The experimental results in terms of
maximum shear strength of the beams with stirrups are shown
in Fig. 15. Unlike beams without stirrups, this group of beams
showed signiﬁcant inﬂuence for the ﬂexural reinforcement. This
is explainable by the availability of adequate anchorage length,
enhancement of conﬁnement for the strut, reducing crack open-
ing and direct carrying of the vertical forces. The predicted
shears from the NLFE are presented in the ﬁgure and they
show slightly higher values than the experimental.
Strut and tie models were developed for these beams, fol-
lowing the procedure illustrated in Figs. 9 and 11. The strut
and tie prediction of these results is presented in Fig. 13
employing a strut efﬁciency factor of 0.75. The resulting shear
strengths were consistent with the experimental results as
shown in Fig. 15.
6.3. Adequacy of web reinforcement requirements for D-regions
The web reinforcement requirements in the STM provisions
were compared with their counterpart in the CSM shear design
provisions. Under STM provisions the required web shear
reinforcement ratio, qw, is to be computed when the strut efﬁ-
ciency factor is equal to 0.75 using Eq. (6) as developed from
LSTM.
qw ¼
1
bwavfyw
V
m
cotw ð6Þ
Figure 13 Shear strength comparison for KQ beams – test,
NLFE and STM.
Table 2 Selected predictive equations for one-way shear strength of concrete (SI units).
Reference vc, MPa where Vc = vcbwd
ACI-318-08/SBC-304-07 vc ¼ 16
ﬃﬃﬃﬃ
f0c
p
Eurocode 2 (2004) vc ¼ 0:18ð1þ
ﬃﬃﬃﬃﬃ
200
d
q
Þð100qfckÞ1=3, where fck ¼ f0c  1:60 Mpa
Zsutty (1968) vc ¼ 2:2 f0cq dav
 1
3 2:5d
av
 
, where (2.5d/av)P 1
Kim and Park (1996) vc ¼ 3:5ðf0cÞ
a
3q
3
8 0:4þ dav
 
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ0:008dp þ 0:18
n o
, a = 1 for av/dP 3; = 2  (av/d)/3 for 1 6 av/d< 3
Figure 14 Effect of stirrups on shear capacity: KQ-R2 versus
MH-R2.
Figure 15 Shear strength comparison for MH beams – test,
NLFE, STM.
Figure 16 Comparison of web reinforcement ratio under differ-
ent assumptions.
72 A.B. ShuraimOn the other hand, in the CSM, qw was derived from Eqs.
(3) and (5), such that
qw ¼
ðV VcÞcosw
bw dfyw
ð16Þ
Employing Eq. (6), qw was plotted against the ﬂexural rein-
forcement ratio, q as shown in Fig. 16. For bs = 0.75, qw was
shown to increase of q and its maximum value was about0.003. This ﬁnding is in agreement with the code recommenda-
tion that qwP 0.003 would satisfy the required reinforcement
associated with bs = 0.75. Similar trend and magnitude were
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using Eq. (6) along with the assumption that Vc ¼ 16
ﬃﬃ
f
p 0
cbw d.
6.3.1. Mode of failure under efﬁciency factor of 0.75
The web reinforcement ratios, qw, associated with bs = 0.75,
do not ensure that the beam can carry higher loads associated
with ﬂexural capacity. The required qw to produce ﬂexural
capacity was computed also using Eqs. (6) and (16) with
V=Mn/av, where Mn is the nominal ﬂexural capacity of the
section. The resulting curves are shown in Fig. 16, and labeled
as ﬂexure. The qw computed under this assumption would en-
sure ductile failure through providing sufﬁcient web reinforce-
ment to carry additional shear until ﬂexural failure materialize.
This would be the approach if one designs the beam under the
CSM, and it should be followed under the STM approach for
the class of beams that has both B-regions and D-regions.6.3.2. Mode of failure under efﬁciency factor of 0.60
In accordance with the STM provisions, one may avoid using
any web reinforcement by choosing a strut efﬁciency factor,
bs = 0.60 as per Section A.3.2.2 of ACI-318-08. The shear val-
ues associated with bs = 0.60 as shown in Fig. 13 are relatively
high in comparison with the concrete shear contribution, Vc, in
the conventional method. Therefore, if such a beam was
designed in accordance with the CSM, minimum web reinforce-
ment would be required. On the other hand, no web reinforce-
ment would be required under STM provisions. Considering
the variability in strut efﬁciency factors in the literature and
the role that could be played by minimum reinforcement, this
study recommends providing minimum shear reinforcement in
an analogy with the provisions of the CSM.7. Summary and conclusions
The paper examined the behavior of eight normal-size tested rein-
forced concrete beams loaded to produce D-regions in the shear
spans. The goal of this study was to assess the impact of applying
the STM provisions to this class of deep beams in comparison to
the conventional provisions. The comparisonaddressed the consis-
tency in treating strength andductility criteria. Based on this study,
the following ﬁndings were obtained.
(1) On the behavior in general, the dominant role of arch
action is evident as indicated by the test results and
NLFE simulation in terms of trajectory of compressive
stresses and the little inﬂuence of ﬂexural reinforcement.
However, the arch action was not fully controlling the
behavior as indicated by the strain distribution in the
ﬂexural reinforcement. Thus, it may be concluded that
both arch action and beam action contributed to the
load resistance, where the former was more inﬂuential.
(2) The models developed on the basis of the strut and tie
provisions showed good prediction capability of the test
results for beams with stirrups and those without stirrups.
(3) The study pointed to potential inconsistency and short-
comings that may arise when applying the STM provi-
sions to this class of beams; summarized as follows:
(a) The allowance to design D-regions without web r-
einforcement as per Section A.3.2.2 of ACI-318-0-
8 by limiting the strut efﬁciency factor to bs = 0.60
could lead to undesirable brittle failure. The CSMwould require a minimum reinforcement, even w-
hen the applied shear is much less than what would
be produced by bs = 0.60.
(b) The recommended web reinforcement in Section
A.3.2.2 of ACI-318-08 whether computed from a
local strut and tie model (LSTM) with efﬁciency
factor (bs = 0.75) or taken as 0.003 would not
necessarily ensure ductile behavior. This study
showed that as the ﬂexural reinforcement increa-
ses, the required web reinforcement would incre-
ase. Thus, in order to ensure ﬂexural mode of
failure, the struts should be designed for a load
that is compatible with the ﬂexural capacity, and
this may implicitly require utilizing a higher value
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